Tungsten monoblock type tiles with ITER dimensions along with supporting cassette components were installed at EAST's upper diverter during 2014 and EAST's lower diverter will also be upgraded in the future. These cassette structures pose critical issues on the high cumulative incident heat flux due to the leading edges and misalignments (0∼1.5 mm), which may result in the destruction or even melting of the tungsten tile. The present work summarizes the thermal analysis using ANSYS multiphysics software 15.0 performed on the actively cooled W tiles to evaluate the shaping effect on surface temperature. In the current heat flux conditions (Q || ∼100 MW m −2 ), the adopted chamfer shaping (1×1 mm) can only reduce the maximum temperature by about 14%, but it also has a melting risk at the maximum misalignment of 1.5 mm. The candidate shaping solutions elliptical (round) edge, dome and fish-scale are analyzed for comparison and are identified not as good as the dual chamfer structure. A relatively good dual chamfer (2×13 mm) shaping forming a symmetrical sloping roof structure can effectively counteract the 1.5 mm misalignment, reducing the maximum temperature by up to 50%. However, in the future heat flux conditions (Q || ∼287 MW m −2 ), it may only endure about 0.5 mm misalignment. Moreover, no proper shaping solution has been found that can avoid melting at the maximum misalignment of 1.5 mm. Thus, the engineering misalignment has to be limited to an acceptable level.
Introduction
The Experimental Advanced Superconducting Tokamak (EAST) is a superconducting tokamak with single and double null diverter configurations, aimed for high power steady-state long pulse operation [1] . Plasma facing components (PFCs) fabricated by a tungsten monoblock with ITER dimensions along with a supporting cassette were installed as upper diverters of EAST [2] . The cassette structure is designed to alleviate the thermo-mechanical constraints and ensure the durability of the plasma facing components [3] . The ITER-like tungsten diverter is designed to endure a perpendicular heat load (Q ⊥ ) of 10 MW m −2 corresponding to a parallel heat flux (Q || ) of about 287 MW m −2 [4] .
However, along with the favorable significant reduction of the risk of the PFC failure, such kinds of structure will pose the critical issue of leading edges due to assembly misalignment with the neighboring tiles, where a high cumulative heat flux is deposited, resulting in the destruction and even melting of PFCs [5] . The highest cumulative incident heat flux is formed because the total heat flux along the magnetic field B is deposited on a small tile edge area caused by the leading edge at the small glancing angles of B for increasing the plasma-wetted area [6] . To cut down the local heat flux, fishscale shaping of the target tiles is used to reduce the angles and relieve misalignments, and it can be considered as the most relevant solution for ITER and WEST(W-for tungsten -Environment in Steady-state Tokamak) Diverter [7] . However, the fish-scale shaping is not suitable for EAST because the EAST tokamak can often be operated at both normal and reverse directions of toroidal magnetic field (B t ) and plasma current (I p ), therefore, a shape with a symmetrical structure has to be considered. A dual chamfer with 1 mm length along both longitudinal and horizontal direction has been employed for tungsten monoblock type tiles of the EAST upper diverter. Thermal behavior of the dual chamfer, along with other shaping options, is investigated to find the optimal solution for the leading edge faced by EAST diverter PFCs.
The paper presents the thermal analysis of the effect of different shaping options on the surface temperature of EAST diverter edge of tungsten monoblock. For fixed incident parallel heat flux (Q || ) and glancing angles (α) of B, the exposed area and the heat flux density of different shaping structures are also different, which determines the surface temperature and the maximum misalignment tolerance. A shaping structure for an EAST tungsten diverter with a better performance is proposed though analyzing these structures.
Mock-up details
At present, the available heating power is about 12 MW (Lower Hybrid Waves (LHW) with an available source power of 4.5 MW, a 4.5 MW neutral beam injection (NBI) system and Ion Cyclotron Resonance Heating (ICRH) with a total power of 3 MW), and the peak heat flux perpendicular to diverter target plates Q ⊥ is about 3.6 MW m −2 [2] . In the future, the heating power is expected to exceed 26 MW, and the Q ⊥ will reach up to and even exceed 10 MW m −2 [8] . Considering the perpendicular heat load of 3.6 and 10 MW m −2 and a small glancing angle of 2°which is depicted in figure 1 , the corresponding parallel heat flux will be 100 MW m −2 and 287 MW m −2 , respectively (Q ⊥ =Q || ×sinα).
As shown in figure 1 , the leading edges nearly suffer from the high parallel heat flux perpendicularly (∼88°) and local melting may occur. For the EAST diverter, leading edge could be due to the gap between components (toroidal gap in the 0.5-1.0 mm range) and between monoblocks (poloidal gap close to 0.5 mm), but also to a misalignment Δ (Δ0.5 mm in the 70%-75% range, 0.5<Δ1 mm in the 20%-25% range, 1<Δ1.5 mm in the 2%-5% range) measured on current tungsten upper diverter of EAST. The monoblock tile with the dimensions of 26 mm×12 mm×26-18 mm (width×depth×height-bore diameter ) contains three kinds of materials [9] . Tungsten armor faces to the plasma, providing protection from the plasma irradiation. The water coolant tube made of CuCrZr allouy, which is proposed as the heat sink material because of the high thermal conductivity and other acceptable properties [10] is inserted into the interior of the tile, providing the active cooling of the component. The diameter and thickness of water cooling tube wall are 12 mm and 1.5 mm, respectively. In addition, a water velocity of 10 m s
and an average temperature of 50°C relevant to actual tokamak cooling condition were applied for active cooling. Between the tungsten armor and CuCrZr heat sink, the 1 mm thick oxygenfree high-conductivity copper(OFHC-Cu) was used to reduce the thermal stress caused by the mismatch of thermal expansion between the two different materials.
Tile shaping details
In order to protect the tile edges, the angles between B and tile edges should be decreased to enlarge the exposed area and to reduce the heat flux density. Consequently, in order to counteract the leading edges and misalignments issues, dual chamfer shaping with 1 mm in the longitudinal and horizontal directions has been employed for the EAST W tiles. Based on the same parallel heat flux (100 MW m −2 and 287 MW m −2 ) and a small glancing angle of B (∼2°), three kinds of tiles shaping solutions (dual chamfer, elliptical edge and dome shaping) are studied for EAST. Figures 2(a) -(c) show the schematic diagram for dual chamfer, elliptical edge, and dome shaping options of tungsten tile. The fish-scale shaping (figure 2(d)) chosen by ITER and WEST has been analyzed for comparison, although it is not appropriate for EAST tiles because of its asymmetry.
There are two parameters (longitudinal length h and horizontal length L) that decide the shape of the tile. For dual chamfer and elliptical edge shaping, all the two parameters can be altered. While for dome and fish-scale shaping, only horizontal length can be altered. The elliptical edge is a 1/4 ellipse with semi-axial of longitudinal length and horizontal length. The dome is a portion of a circle which is determined by the width of tile and horizontal length h.
ANSYS finite element simulation for shaping
To perform the thermal simulation, a commercial finite element code (ANSYS 15.0) was used with the two-dimensional element PLANE55 under a steady state heat flux loading. The analytical model was meshed for finite element model with mapped and free meshing using the quadrilateral-shaped elements. The temperature-dependent thermal conductivities of the conductivity of W, OFHC [11] and CuCrZr [12] for finite element analysis are listed in table 1. The forced convection effect by water flow was applied on the inner surface of CuCrZr tube as a boundary condition and the value of the heat transfer coefficient is 22 097 W m −2 °C −1 ), calculated by the Dittus-Boeleter formula:
where λ is the thermal conductivity of water, d is the hydraulic diameter (12 mm), c p is the specific heat capacity of water, ρ is the water density, μ denotes kinetic viscosity of water, ν is the average fluid velocity. The bottom and side of the tile were free boundary conditions. Three parameters, which determine the heat flux load at the surface top and edge corner of tungsten tile, are taken into account: longitudinal length h, horizontal length L and misalignment Δ, as shown in figure 3 . The tile shaping can change the angles between the B field and the exposed surfaces, and then affect the perpendicular heat load
, in which α is the glancing angle of B while β is the angle between tangent line at the incident point and horizontal line), which are determined by h, L and shaping structure. Meanwhile, the exposed areas and total heat load will increase with the increasing misalignment. Assuming that the shaping solution insuring the parallel heat flux cannot incide to the edge side of the shaping tile, the tolerance of shaping structure to the maximum misalignment is depicted in figure 3 . If the larger misalignment exceeds the tolerance of the shaping, the shaping fails and the edge side subjects the nearly vertical parallel heat incidence. Increasing L results in the slight reduction (∼L×sin2°) of the misalignment tolerance, but can effectively decrease the angle of incidence and thus reduce the Q ⊥ at the leading edge area. Increasing of h can increase the misalignment tolerance, but also increase the angle of incidence resulting the increasing of Q ⊥ . As a consequence, a proper longitudinal length h and horizontal length L should be chosen by comparing the temperature for different misalignments.
As the value of heat flux load and exposed areas is changed with the three parameters, the value as a function of the three parameters is calculated. The value also needs to be transformed to the function of the coordinate variables in the ANSYS code. In this work, the optimization model is chosen by comparing the calculated maximum temperature and the maximum tolerance misalignment of the different shaping solutions.
Results and discussion
Thermal analysis using ANSYS code was carried out for the actively cooled tungsten monoblock tiles with and without chamfer shaping to calculate the surface temperature reduction due to shaping for the parallel heat flux of 100 MW m −2 having a misalignment of 1.5 mm. The temperature distributions on tungsten tile simulated by ANSYS without and with 1 mm dual chamfer shaping are shown in figures 4(a) and (b), respectively. As per figure 4(a) the maximum temperature is found at the surface edge corner of tungsten tile where the highest perpendicular incident heat flux is deposited. The temperature distributions observed on without and with chamfer are nearly same at the corner of tungsten tile with heat flux misalignment of 1.5 mm. As per figures 4(a) and (b) the maximum temperature at the edge of tile with 1 mm length dual chamfer shaping is lower than that without shaping.
The maximum temperatures of the tiles without and with dual chamfer shaping for 287 MW m −2 , 100 MW m −2 for parallel heat flux at different misalignments are depicted in figure 5 . One can see the temperature increase significantly with increasing misalignment and can exceed the melting dual chamfer shaping tile will be easily melted at a very low misalignment (∼0.2 mm). Therefore, the shaping structure needs to be optimized.
The maximum temperatures of dual chamfer and elliptical edge shaping with different dimensions are compared in figure 6 . In order to guarantee that the temperature is only affected by the tiles shape and misalignment, the constant parallel heat flux (100 MW m −2 ) is used in the ANSYS code.
In the case of no misalignment, the maximum temperature changes with increasing L and the shaping often causes a negligible temperature rise because of the maximum temperature is also in the normal operation range of tungsten material [13] . When misalignment exists, increasing of L effectively reduces the maximum temperature in its operation range (i.e. misalignment smaller thanthe tolerance of the shaping structure). Elliptical edge shaping has a slightly higher misalignment tolerance than dual chamfer shaping with same L and h, but its temperature mitigation is not as good as the dual chamfer shaping. Thus, the elliptical edge shapingsolution is abandoned. As shown in figure 6 , dual chamfer shaping for h=1 can effectively reduce temperature by up to 40% for 0.5 mm misalignment but <20% for 1 mm misalignment. In the case of higher misalignment (1 mm), dual chamfer shaping with 2 mm longitudinal cutting edge has the lowest maximum temperature compared to the other shaping structures. When horizontal length L is13 mm, half of the width of the tile, the dual chamfer shaping (h=2) forming a sloping roof structure can counteract the 1.5 mm misalignment and the maximum temperatureis only about half of that without shaping. The maximum misalignment tolerance and maximum temperature with different misalignment for different shaping structures are compared in table 2. The maximum misalignment tolerance is mainly controlled by the longitudinal length L. The fish-scale shaping structure leads to lowest maximum temperature with the same misalignment, which is the best shape to withstand a high heat flux, although it is not fit for EAST due to its asymmetry. The maximum temperature is increased with the increasing misalignment for all shaping structures. A sharp increase of the maximum temperature is seen (bold face in table 2) when the misalignment is large enough to make part of the tile almost perpendicular to the magnetic field line. As the symmetric shaping has to be selected for EAST tile, the dual chamfer shaping with 2×13 mm is the best option compared to other shaping structures.
As the heating power on EAST is foreseen to be increased rapidly, the heat flux on the tile surface and thus the maximum temperatures of tiles will be increased significantly. The maximum temperatures observed on of tiles with dual chamfer shaping (2×13 mm) and fish-scale shaping are shown in figure 7 with a parallel heat flux of 287 MW m −2 . The maximum temperatures of the tiles are increased as the misalignment is increased. All of the shaping solutions have maximum temperatures higher than the melting point of tungsten for the misalignment of 1.5 mm. For the relatively good dual chamfer shaping (2×13 mm), only a small misalignment (∼0.6 mm) can make the tiles melt. Even for the tiles with fish-scale shaping (h=1,1.5 mm), it can not tolerate the 1.5 mm misalignment (∼1 mm) before melting for the same heat flux. Therefore, there is no suitable solution that can tolerate a 1.5 mm misalignment in the future high heat conditions, which needs to decrease the engineering misalignment to an acceptable level.
Conclusion
1. Thermal analysis was carried out to investigate different shaping solutions for the leading edges and misalignments issues faced by EAST diverter with the ITERlike tungsten monoblock components. Current dual chamfer shaping with longitudinal and horizontal length 1 mm of tungsten tiles of EAST upper diverter can counteract the 0.94 mm misalignment and to some extent reduce the maximum heat flux by about 14%. However, there exists a melting risk at maximum 1.5 mm misalignment. 2. Thermal analysis of elliptical (round) edge and dome shaping solution concludes that these are worse than the dual chamfer structure. 3. The optimized dual chamfer (2×13 mm) shaping forming a symmetric sloping roof structure can effectively counteract the 1.5 mm misalignment and reduce the maximum temperature by 50%, but it can only endure about 0.5 mm misalignment when the parallel heat flux reach up to 287 MW m −2 . 4. There is no suitable solution which can tolerate the 1.5 mm misalignment in the future high heat conditions. Further studies have to be carried out to find the best shaping structure, while decreasing the engineering misalignment to an acceptable level is absolutely necessary in the future.
